Genetic studies in non-human primates serve as a potential strategy for identifying genomic intervals where polymorphisms impact upon human disease-related phenotypes.
Introduction
Def ining the genetic basis for quantitative traits in humans is essential for our better understanding of the vast biological differences found between individuals, including disease susceptibility. Cross -species approaches offer a logical means for leveraging the similarities between organisms to identify genomic intervals where variation may have an impact upon phenotypes in common across species. While quantitative trait loci (QTLs) in humans and rodents have occasionally been mapped to large orthologous intervals (1, 2) , it is rarely possible to determine if the same gene is involved due to phenotypic and genomic differences between these organisms.
In contrast to rodents, non-human primates are expected to share a larger number of phenotypic traits and associated genetic etiologies with humans due to their close evolutionary relationship and physiology. However, while wide-spread success has been obtained at identifying the molecular defects in single gene diseases, human genetic studies of complex traits has proved extremely difficult due to the number of gene s involved, the small effects of individual polymorphisms, the complicated nature of gene:gene and gene:environment interactions, and uncontrolled environmental factors (3, 4) .
Baboons (Papio hamadryas) are a well-studied non-human primate model with which it is possible to control mating and environment (exercise, life-style, diet, etc), thereby alleviating several confounding factors found in human studies (5) . Through the recent development of a baboon linkage map (6) , several lipoprotein and hypertension QTLs have been physically mapped of which some overlap with QTLs mapped to orthologous genomic intervals in humans (7, 8) . To date, however, no fine-scale orthologous sequence analysis has been performed for any quantitative trait to define whether independently arising polymorphisms in the identical genomic interval are responsible for similar phenotypic differences found in both species.
The apolipoprotein gene cluster (APOA1/C3/A4/A5) on human chromosome 11q23 is among the best characterized regions of the genome for its association with plasma lipid levels, a quantitative trait. A wealth of human mutation and genetic association studies demonstrate that sequence variants in APOC3 and APOA5 are associated with plasma HDL-cholesterol and/or triglyceride concentrations (9) (10) (11) (12) (13) (14) (15) (16) (17) . In addition, over-expression as well as deletion of these genes provide confirmation that each plays an important role in lipid homeostasis (10, 18, 19) .
We examined the orthologous baboon gene cluster in a large pedigreed population to explore whether independent mutation events at the APOA1/C3/A4/A5 gene cluster might account for quantitative differences in lipid phenotypes in a second primate species. Our goal was to examine the genetic architecture at this site and to determine if polymorphisms within the baboon cluster also influence plasma lipid levels similar to that found in humans. In these studies we found baboons also display limited haplotype diversity and show genetic associations between common variants in this apolipoprotein cluster and HDL-cholesterol and triglyceride concentrations. These studies highlight the utility of the environmentally controlled baboon model to uncover genomic intervals where polymorphisms can also impact upon phenotypes relevant to human disease.
Results

SNP Discovery
To systematically characterize linkage disequilibrium and haplotype structure in the baboon APOA1/C3/A4/A5 gene cluster, we performed direct DNA sequencing across the interval in 24 baboons selected from 15 presumably independent pedigrees. We analyzed 68 kb of sequence containing the entire gene cluster plus flanking sequence and detected 381 genetic variation sites (8 in coding exons and 6 in untranslated regions). Of them, 363 are single nucleotide polymorphisms (SNPs) and 18 (or 4.7%) are insertion/deletion (in/dels) polymorphisms (Table 1 ). In the human homologous region, 182 SNPs and 4 in/dels were reported in NCBI dbSNP build 116. As expected, none of the 381 baboon and 186 human polymorphisms were shared between the two primate species. As shown in table 1, the baboon SNPs average 1 per 187 bp across the gene cluster; with 1 in 276 bp in the UTR region, 1 in 626 bp in the coding region, and 1 in 177 bp in the intron and intergenic regions. The average minor allele frequency of the total number SNPs in 24 baboons is 17.3%. The average minor allele frequency is 18.0%, 19.3% and 17.2% in the UTR region, the coding region and in the intron and intergenic regions, respectively.
After removing SNPs that were not in Hardy-Weinberg equilibrium, we selected 248
SNPs that had a minor allele frequency of more than 8% for subsequent analysis. These SNPs spanned a total of 68 kb of sequence on baboon chromosome 14, resulting in an average distance of 274 bp between neighboring SNPs.
Selection of representative SNPs across the apolipoprotein gene cluster
In an effort to reduce the numbers of SNPs needed for future genotyping, we analyzed the extent of linkage disequilibrium across these variants in the apolipoprotein gene cluster.
Since r 2 is an appropriate statistic in determining whether an assayed SNP can detect an unassayed SNP, we calculated r 2 for all pairs of SNPs using unphased data from 24 unrelated baboons and thereby clustered SNPs with highly correlated alleles (with r Each LD block was on average 11 kb in length and was comprised of 4 common haplotypes which accounted for 75-85% of all chromosomes. Based on these results, 16
SNPs were selected as haplotype tagging SNPs that suffice to determine the haplotypes accounting for 82%-91% of the chromosomes within each haplotype block ( Figure 2 ).
Association analysis of single nucleotide polymorphisms and haplotypes with baboon lipoprotein phenotypes
We genotyped the 16 haplotype tagging SNPs in a study population that consisted of 634 baboons ( Table 2 ). We performed single marker QTDT tests on all 16 SNPs and found six associated with five lipoprotein phenotypes that had an asymptotic P-value < 0.01.
When permutation tests (m=1,000) were performed on all 6 markers and 5 traits, the only significant association was between SNP 13 from APOA5 intron 2 and HDL-cholesterol on the chow diet (Table 3 ).
Since analysis of haplotypes can have stronger statistical power compared to that of single marker polymorphisms, we performed two-locus, three-locus and four -locus haplotype analysis on the APOA1 , APOC3, APOA4 and APOA5 genes in the baboon cluster. Lipid traits included in the test were triglycerides and HDL-cholesterol since they are known to be associated with the orthologous gene cluster in humans. Haplotype analysis confirmed the result from single SNP association (Table 3 ) (empirical P=0.014), further supporting that the APOA5 variant is associated with HDL-cholesterol levels (Table 4 ). In addition, a four-locus haplotype within the APOA1/C3 block showed significant association with plasma TG levels (empirical P=0.002, table 4), an effect that was not observed when individual markers from this haplotype were tested. No significant ass ociation was detected with APOA4 haplotypes.
Discussion
In this study we sought to systematically examine the baboon polymorphism architecture and it's relationship to phenotypic data in a region orthologous to humans which has been biologically well characterized. The baboon interval was selected based on orthology to the extensively studied human apolipoprotein gene cluster on chromosome 11q23 which has been repeatedly implicated in contributing to inter-individual differences in plasma lipid levels. Our primary goal was to study variation at this locus and to determine if baboon variants within this region are also associated with quantitative differences in plasma lipid levels.
In addition, this study supports a higher SNP density in the baboon population relative to humans. While numerous studies indicate that human SNPs are estimated to be spaced at approximately one every 300 bp in the human population (minimum minor allele frequency of 1%) (22-24), we found that baboons display one SNP every 187 bp (minimum minor allele frequency of 2%), and that these S NP alleles display strong patterns of linkage disequilibrium, similar to findings in humans. (10, (27) (28) (29) (30) (31) . A previous study (32) with these baboons indicated that a substantial proportion of variation in HDL-C concentrations is explained by the additive effects of multiple genes, with heritabilities ranging from 53% to 61% on the different diets. The association of APOA5 variants with HDL-C was only found on the basal diet in this study, suggesting that other genes may have greater effects on HDL -C variation under high-fat diet. In addition, a second association was identified between an APOC3 baboon haplotype and triglyceride concentrations, with approximate 6.7% of the total variance in triglyceride levels attributable to the haplotype. This is entirely consistent with a large number of human studies which have shown strong genetic associations between APOC3 variants and triglyceride levels (9, (14) (15) (16) (17) . At both the APOA5 and APOC3 loci, genetic variants had slightly greater impact on lipid levels than that of the covariates. The combined effect of sex, age and weight contributed approximately 1% and 5% to the total variance in triglyceride and HDL-cholesterol, respectively (data not shown). Thus, independently arising polymorphisms in humans and baboons both can contribute to quantitative differences in similar plasma traits, but the effects are not completely overlapping.
The 16 SNPs used for association analysis were selected from 248 SNPs to capture the majority of the genetic information in the region. We found a 4-locus haplotype, but not single markers, spanning the APOA1 and APOC3 region was associated with triglyceride levels (Table 3 and Table 4 In our second finding, HDL-cholesterol concentration was found to be associated with SNP13 from APOA5 intron 2 (Table 3) A major assumption underlying studies using non-human primates (and other mammals)
to help identify loci contributing to traits that are directly relevant to those found in humans is that independent mutations have occurred at orthologous loci across species and that these polymorphisms have similar effects on a phenotype. In addition to possible physiological differences, this independent origin of polymorphisms in humans and baboons most likely explains the incomplete overlap between genetic variants and plasma phenotypes and additional large studies are needed to clarify the extent of which polymorphisms in orthologous human/baboon genes account for similar quantitative phenotypic variability in both species.
One significant advantage of genetic studies in baboons versus humans is the potential for stringent control of environmental factors which are likely to profoundly impact upon complex phenotypes. In addition, matings in baboons can be planned to specifically facilitate the ability to detect, characterize, and localize genes that influence phenotypic variation. As QTL mapping has led to the identification of many genes underlying polygenic traits, it is becoming a promising approach in the genetic dissection of mammalian complex traits (1). With the recent development of a baboon linkage map, current efforts are focused on linkage and segregation analysis with the ultimately goal of uncovering genomic intervals affecting baboon, as well as human, biology. Our results support that the baboon is a valuable resource for uncovering genetic loci of relevance to human phenotypes and that similar fine-scale studies aimed at refining genetically mapped QTLs in non-human primates has the potential to uncover novel genetic contributors to a wide spectrum of shared human traits.
Materials and Methods
Pedigreed baboons
The baboons (Papio hamadryas) used in this study comprised 216 males and 418 females from 10 pedigrees and represent the genetic diversity arising from ~212 founders (36) . The animals were maintained at the Southwest Foundation for Biomedical
Research, a facility certified by the Association for Assessment and accreditation of Laboratory Animal Care International. All 634 animals were subjected to a previouslydescribed dietary challenge protocol (36, 37) . Briefly, animals were fed three diets contrasting in levels of fat and cholesterol: basal diet was low in cholesterol (0.03 mg/kcal) and fat (4% of calories), LCHF was high in fat (40% of calories) but no cholesterol was added, and HCHF diet was the high fat diet with high levels of cholesterol (1.7 mg/kcal). Animals were fasted overnight, and bled from the femoral vein. Serum samples taken at the end of each dietary regime were stored as single-use aliquots protected from oxidation and dessication (38) . In the data analysis, we only included SNP s which have a minimum of 95% consistency between the genotypes from the two methods.
Analysis of LD and haplotypes
The genotypes of 24 unrelated baboons were used to calculate r 2 value using the VG2 software (43, 44) (http://pga.gs.washington.edu/VG2.html) and haploview (http://wwwgenome.wi.mit.edu/personal/jcbarret/haplo/docs.html). To select representative SNPs from each r 2 clustering group, we chose a minimum of one SNP to cover ea ch cluster group and SNPs located in the proximity of a gene were preferred over those in intergenic or repetitive DNA regions.
Ninety-six pedigreed baboons were genotyped using SNaPshot (see above). Genotypes in violation with Mendelian expectations (0.18%) were excluded from further analysis. We treated 96 pedigreed baboons as population samples and used the PHASE program (version 2.0, (45) ) to infer haplotypes . In two cases Mendelian inheritance was not found based on inferred haplotypes and these data were excluded from further analysis. The haplotypes were then imported into haploblockFinder (version 0.6, (46) http://cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi) for block structure determination.
The haplotypes of 16 SNPs for the 634 baboons were estimated using the program PHASE.
Although redundant SNPs were removed based on our r 2 clustering analysis (r 2 >0.8) (see above and results), strong linkage disequilibrium(LD) still existed among some of the selected 31(in 96 baboons) and 16 (in 634 baboons) SNPs (data not shown). As serious concern has been raised as to use programs assuming no LD to perform pedigree haplotype inference (47), we did not use GENEHUNTER or SIMWALK2 despite such programs consideration of family relationship in haplotype estimation. We were unable to take advantage of other analytical tools allowing for LD for nuclear families (48) ,
(PHASE-Phamily analysis at http://archimedes.well.ox.ac.uk/pise/phamily-simple.html) based on complications from our extended baboon pedigrees which is structured with inbreedings and multiple mates for a single male.
Genetic association
Both single point and multipoint (haplotype) analyses were performed using the QTDT where "a" is the estimated effect size, "p" is the allele frequency and q = 1-p. Estimate of the variance explained by covariates was calculated by comparing R squa re value under the null hypothesis with and without the covariates in the model. Covariates included sex, age and weight.
Lipoprotein measurements
Measured lipid and apolipoprotein phenotypes at SFBR included concentrations of HDL and LDL (i.e., nonHDL) cholesterol and several apolipoproteins: ApoAI, ApoB and ApoE (8, 36) . Lipoprotein size distribution phenotypes were based on gradient gel electrophoresis and Sudan black B staining as previously described (50) . Triglyceride levels on the basal diet were measured at Children's Hospital Oakland Research Institute. 
